Objectives: Vitamin C is an important low-molecular
INTRODUCTION
The antioxidant network within human respiratory tract lining fluids (RTLF) provides an important defence against inhaled oxidants 1 and limits damage by inflammatory-derived oxidants during inflammation. 1 2 Ascorbate has been shown to be an important lowmolecular weight antioxidant within this compartment, with clear evidence that its concentration is reduced during and following acute inflammation, 3 4 or as a direct consequence of exposure to inhaled oxidants. 4 5 Consequently, numerous studies have attempted to augment RTLF antioxidant defences through high-dose vitamin C supplements. [6] [7] [8] The rationale for this approach is based on the contention that ascorbate enters the RTLF from the plasma pool paracellularly 9 and that by increasing
Strengths and limitations of this study
▪ The present study is the first clinical investigation of vitamin C transporter expression in the airways of healthy subjects and patients with asthma. ▪ We present evidence of vitamin C transporter (GLUT2 and SVCT2) protein expression in the bronchial epithelium, with evidence that SVCT2 expression is localised to goblet cells. ▪ Vitamin C is an important antioxidant in the lung, yet little is known about its transport into the respiratory tract lining fluid (RTLF). The presence of ascorbate and dehydroascorbate transporters (SVCT2 and GLUT2, respectively) within the pulmonary epithelium provides a potential salvage mechanism for vitamin C, to prevent its oxidative loss from the surface of the lung. This helps to explain a hitherto significant gap in our knowledge of how vitamin C concentrations are maintained in vivo. ▪ Our observation of an inverse association between SVCT positive goblet cells and bronchial RTLF vitamin C suggests a possible role for goblet cells in the regulation of vitamin C at the surface of the lung, however, the present study was not configured to pursue this further. Further research is required to confirm the role of goblet cells in airway vitamin C homeostasis. ▪ The current results only inform our understanding of vitamin C in the proximal airways as we did not have tissue from the alveolar region.
plasma ascorbate, knock-on increases in RTLF concentrations will be achieved, conferring heightened protection against oxidative insults. However, the human supplementation studies performed to date have yielded modest or no protection against pulmonary oxidative stress. 6-8 10 In addition, in the majority of studies, while plasma concentrations of ascorbate have been increased, RTLF concentrations have either remained unchanged 7 11 or have only demonstrated transient increases. 12 13 These observations likely indicate the absence of a simplistic association between plasma and RTLF ascorbate pools. Either because ascorbate moving into the RTLF is rapidly lost by oxidation within this compartment, for which there is some support, 12 13 or because it is sequestered into the cells of the airway, epithelial and resident inflammatory cells, effectively masking any underlying association between the plasma and RTLF pools. 2 14 Thus at this time, the fate of RTLF ascorbate is unknown. Continual loss of ascorbate at the air-lung interface would constitute a significant drain on the body's vitamin C reserves, with the oxidation of ascorbate to dehydroascorbate and its subsequent hydrolysis to 2,3-doketogulonic acid, resulting in the loss of its antioxidant function. 15 Some form of recycling or salvage mechanism is therefore required to maintain pulmonary vitamin C reserves. As the RTLF does not appear to contain any functional dehydroascorbate reductase activity and as the concentration of glutathione 16 within the compartment is insufficient to achieve this non-enzymatically, 17 it appears that cellular uptake would be essential.
Two separate mechanisms exist for vitamin C uptake into cells: the high affinity, sodium-ascorbate cotransporters (SVCTs), 18 (also known as SLC23A1-2 (solute carrier family)) and glucose transporters (GLUTs), 19 (also known as SLC2A) the latter permitting the uptake of dehydroascorbate via facilitated diffusion. Dehydroascorbate transport, predominately by GLUT1 and 3, 19 and, to a lesser extent, by GLUT4 20 and GLUT2, 21 is coupled to its rapid intracellular reduction back to ascorbate by a family of dehydroascorbate reductases, including glutaredoxin. 14 22 The relevance of this salvage pathway in vivo is somewhat contentious due to the saturation of the transporters with glucose in most tissues. It is notable, however, that the concentrations of glucose in the RTLF are significantly lower than cellular and plasma concentrations: 0.4±0.2 mM, based on the analysis of breath condensate. 23 To date, relatively few studies have examined the expression and cellular localisation of glucose transporters in the healthy lung, and these have returned contradictory results. Pezzulo examined GLUT transporter expression in primary human airway epithelial cells, demonstrating mRNA for GLUT1-12, but only protein expression for GLUT1 and 10, in the basolateral and apical membranes, respectively. 24 GLUT1 protein has also been detected in human lung homogenates by western blotting, 25 in the absence of detectable GLUT3, 4 and 5. In the human lung adenocarcinoma epithelial cell line, H441, western blotting demonstrated GLUT2 and GLUT4 protein in non-polarised cells, with GLUT2 being present in the apical and basolateral membranes when the cells were polarised. 26 This expression of GLUT2 was subsequently confirmed by immunohistochemistry in human airway biopsies, again with apical as well as basolateral expression. 26 Messenger RNA for SVCT1 and SVCT2 has been reported in human bronchiolar epithelium, 27 based on northern blotting, but there is currently no comparative information on protein expression and cellular localisation. Jin 28 addressed this question in rats by immunohistochemistry, demonstrating SVCT1 and SVCT2 expression in the apical membrane of the tracheal, bronchial and alveolar epithelium. The resolution of the images did not allow a more detailed cellular attribution, however, and the relevance of these observations to non-ascorbate synthesisers, such as humans, remains unknown.
The primary aim of the present study was to establish the localisation of ascorbate (SVCT1/2) and dehydroascorbate (GLUT1-4) transporter proteins in the human bronchial epithelium and to determine whether vitamin C uptake by the respiratory epithelium played a role in the regulation of the extracellular ascorbate pool within the lung. We also evaluated the expression of SVCT 1/2 and GLUT 1-3 transporters in airway leucocytes obtained from bronchoalveolar (BAL)-fluid, to provide a comprehensive examination of vitamin C transporter expression in the distal airways. The relationship between RTLF vitamin C concentrations, and transporter expression in the central and distal airways, was subsequently examined. Finally, as previous reports have indicated diminished RTLF ascorbate concentrations in asthmatics compared to the healthy, 29 30 we also examined whether vitamin C handling at the air-lung interface differed between the two groups.
METHODS

Subjects
Healthy and asthmatic participants were invited to participate in the study through advertisement. Inclusion criteria were: age 18-40 years, no history of smoking, normal lung function (forced expiratory volume in 1 s (FEV 1 ) and forced vital capacity (FVC) of at least 80% of predicted, and a normal FEV 1 /FVC ratio) and absence of concomitant diseases, apart from allergy in the asthmatic group. All asthmatics had a positive history of allergy together with at least one positive skin prick test against a standard panel of common aeroallergens. In the asthmatic group, increased bronchial hyperresponsiveness to methacholine, with a provocative concentration causing a 20% fall in FEV 1 <8 mg/mL, was required. In total, 16 healthy subjects and 16 agematched patients with asthma were included in the study. Further details of the subject groups are summarised in the online supplementary material and within table 1. Informed consent was obtained from all volunteers after verbal and written information.
Study design
The study was performed outside the pollen season. Prior to the study visit, subjects fasted from midnight. All bronchoscopies were performed in the morning, and healthy and asthmatic participants were examined in a randomised order. Airway lavages and endobronchial biopsy sampling were performed as outlined previously. 3 Further details are provided in the online supplementary material, with information on differential cell counts and lavage processing. Data on lung function and differential cell counts have been published previously. 31 Immunohistochemistry Endobronchial mucosal biopsies were processed and embedded into glycol methacrylate resin (Polyscience; Northampton, UK)
3 -see online supplementary material. For the initial analyses, 2-μm sections were stained with monoclonal antibodies (mAb) directed against neutrophil elastase (NE), tryptase (AA1) (DAKO, Glostrup, Denmark), eosinophil cationic protein (EG1), CD3 (lymphocytes) (Serotec, Oxford, UK) and glucose transporters 1-3 (R&D Systems, Abingdon, UK) and 4 (Santa Cruz Biotechnology, Inc, Heidelberg, Germany). Rabbit polyclonal antibodies were used to stain the ascorbate transporters SVCT 1 and 2 (Santa Cruz Biotechnology, Inc, Heidelberg, Germany). Stained inflammatory cells were counted in the epithelium and in the submucosa, and expressed as cells/mm and cells/mm 2 , respectively. Epithelial staining for vitamin C transporters was quantified and expressed as per cent of stained epithelial area. Goblet cells were identified using a Periodic acid-Schiff (PAS) stain, 32 expressed as cell number/mm of epithelial length. To assess possible colocalisation of SVCT2 in PAS-positive cells, double immunostaining for PAS/ SVCT2 was performed. PAS/SVCT2-positive cells were expressed as the percentage of total goblet cells. Length and areas of the epithelium and submucosa were determined using the program LeicaQWin V3 (Leica Microsystems, Wetzlar, Germany). All analysis was performed in a blinded manner.
Flow cytometry analysis
Cells obtained from BAL-fluid were stained with antibodies against Peridinin Chlorophyll Protein (PerCP) conjugated antihuman CD3 (lymphocytes) (Becton Dickinson, San Jose, California, USA), phycoerytrin (PE) conjugated antihuman CD14 (monocytes/macrophages) (DAKO, Glostrup, Denmark) and fluorescein isothiocyanate (FITC) conjugated antihuman CD16b (neutrophils) (Serotec, Oxford, UK). Antibodies against SVCT1-2 and GLUT 1-3 were the same as those used for immunohistochemistry. Staining for flow cytometry analysis of SVCT1-2 and GLUT1-3 was performed in two steps using PE-conjugated rabbit antimouse secondary antibody (DAKO, Glostrup, Denmark) for GLUT 1-3 antibodies and FITC-conjugated swine antirabbit antibody (DAKO, Glostrup, Denmark) for SVCT1-2. Immunoreactivity was analysed using the BD FACS Calibur (Becton Dickinson, San Jose, California, USA) to evaluate the expression of transporters on different airway cell types. Further details are provided in the online supplementary material.
Antioxidant analysis
Vitamin C, ascorbate, dehydroascorbate, total glutathione (GSx), glutathione (GSH) and glutathione disulphide (GSSG) concentrations were determined in bronchial wash (BW) and BAL as previously described, 3 6 further details are provided in the online supplementary material. Cell-free lavage supernatants for vitamin C determinations were treated with the metal chelator desferoxamine mesylate (DES) and the synthetic antioxidant butylated hydroxytoluene (BHT), both at 2 mM; 5 μL of each to 490 μL of lavage, prior to storage at −80°C. Glutathione and urea determinations were performed in untreated lavage samples. Lavage and plasma urea concentrations were determined using the QuantiChrom urea assay kit (BioAssay Systems, Hayward). Urea dilution factors for BW and BAL for each subject were calculated as [urea] plasma / [urea] lavage . Each subject's lavage measurements were multiplied by his/her unique dilution factors to correct for dilution, to derive bronchial and alveolar RTLF concentrations. Lavage samples for ascorbate determinations underwent deproteination with metaphosphoric acid (final concentration 5%) and lipid extraction with heptane prior to analysis by reverse phase HPLC, with electrochemical detection (500 mV, 100 nA). An identical protocol was followed for the determination of vitamin C (ascorbate plus dehydroascorbate), with the exception that the samples underwent a reduction step with Tris (2-carboxylethyl) phosphine (TCEP) (Molecular Probes, Eugene, Oregon, USA). 33 The dehydroascorbate concentration was determined by subtracting the measured ascorbate from the vitamin C concentration. Glutathione and glutathione disulfide concentrations were determined using the glutathione disulfide reductase-dithiobisnitrobenzoic acid recycling assay. 3 6 Statistics Antioxidant, inflammatory cell and immunohistochemistry data were not normally distributed, and are therefore described as medians with 25th and 75th centiles. Mann-Whitney U tests were employed to compare healthy and asthmatic data, with Spearman's rank correlation employed for analysis of association. Statistical analyses were performed using the IBM SPSS software, V.20 (SPSS, Armonk, New York, USA). A p value <0.05 was regarded as significant.
RESULTS
Bronchoscopies with endobronchial biopsy sampling, and collection of BW and BAL, were performed in all participants. Median BW and BAL recoveries were 42% and 72%, with no significant differences between the two groups. In the asthmatic group, predicted FEV 1 was significantly lower than in the healthy controls (table 1) (see online supplementary table S1 ). Antioxidant concentrations in BW and BAL, corrected for sample dilution using the urea method, are presented in table 2, with no significant differences between the two groups. The ratio between dehydroascorbate and total vitamin C was significantly higher in the bronchial compared to distal airways; 89% (53-100) versus 13% (10-21) consistent with a more oxidative environment in proximal airways, with no significant differences between the two groups.
Sufficient biopsy material for immunohistochemistry analysis was obtained from all 32 participants. Endobronchial biopsies were stained for SVCT and GLUT transporters (table 3) .
Staining with GLUT1 yielded a distinct cell membrane staining, most likely attributed to lymphocytes (figure 1). Positive membrane staining for GLUT2 was observed in bronchial epithelial cells, at their apical and their basolateral aspects, with little staining evident in the underlying basal cells (figure 1). Diffuse cytoplasmic staining was also seen, with a strong positive staining associated with the nuclear membrane. No differences in GLUT1 and 2 staining were evident between the healthy and patients with asthma (table 3) . Staining for GLUT3 and 4 yielded inconclusive results due to unspecific background staining (data not shown). The FACS data examining GLUT1-3 demonstrated equivalent expression in BAL-fluid macrophages (CD14+) and neutrophils (CD16+), with evidence of a significant reduction of GLUT3 (1.4-fold) in lymphocytes (CD3+) obtained from asthmatic compared to healthy subjects, online supplementary table S2.
Positive staining was found in blood vessels for SVCT1 and 2, with localised staining for SVCT2 also observed in the apical epithelium (figure 2). No difference in the epithelial expression of SVCT1 or 2 was observed between the patients with asthma and healthy subjects (table 3) . Similarly, no difference in SVCT staining was observed in leucocyte subsets by FACS (see online supplementary table S2). Within the bronchial epithelium, the localisation of SVCT2 staining to goblet-like cells was confirmed using PAS, to identify mucin-containing cells, and SVCT2 in consecutive and double-stained sections. These analyses were performed on 10 biopsies, five from the healthy group and five from the asthmatics (figure 2). The selected samples were chosen to encompass the full range of measured vitamin C concentrations within the bronchial RTLFs. No significant differences in the number of goblet cells or SVCT2-positive goblet cells were observed between the two groups (table 4) . There was a negative correlation between total vitamin C concentration in the bronchial RTLFs and goblet cells in bronchial biopsies: ρ=−0.842, p<0.01. This negative correlation remained when only SVCT2-positive goblet cells were considered: ρ=−0.661, p<0.05 ( figure 3) . No other correlations were observed between the measured RTLF antioxidants with vitamin C transporters within the bronchial epithelium.
DISCUSSION
This study represents the first assessment of vitamin C transporter protein expression in human bronchial epithelium. In the proximal airways, SVCT2 expression was colocalised in mucin containing goblet cells, with the number of SVCT2-positive goblet cells inversely correlated with bronchial RTLF vitamin C concentrations. There was no difference in the expression SVCT1 and 2 within the bronchial mucosa between the healthy subjects and patients with asthma. With regard to GLUT expression, GLUT2 appeared the predominate glucose and, hence, potential dehydroascorbate transporter in the bronchial epithelium, with equivalent expression in the two groups. Overall, these data demonstrate the presence of ascorbate and dehydroascorbate transporters within the pulmonary epithelium, providing a salvage mechanism to prevent the loss of ascorbate from the surface of the lung.
In the present study, we did not observe evidence of lower ascorbate concentrations within the asthmatic RTLFs, in contrast to previous observations. 3 30 In the former study, 3 a pronounced airway neutrophilia was present in patients with asthma compared to healthy subjects, which was absent here. In contrast, enhanced numbers of neutrophils were observed in the bronchial wash and bronchial submucosa of the healthy controls. However, in absolute terms, the neutrophilia was less Staining is given as the percent positively stained area of the total epithelial area. Data are given as medians and IQR. GLUT, glucose transporters; SVCT, sodium-ascorbate cotransporters. Figure 1 Immunohistochemical staining of glucose transporters (GLUT1) and (GLUT2) in bronchial biopsies obtained from a healthy subject. The upper panel shows GLUT1 staining with distinct cell membrane staining associated with lymphocytes within the submucosa (*). The lower panel demonstrates GLUT2 staining associated with the apical epithelium. The inset provides a magnification of the epithelium illustrating diffuse cytoplasmic staining, with more pronounced staining around the nuclear membrane.
marked than that previously observed in the asthmatic groups. 3 Thus, there seems little relationship between the extent of neutrophilic or allergic inflammation and airway ascorbate concentrations, though the production of reactive oxygen species by activated phagocytes was not assessed in this or the previous studies.
It was also notable that a significant proportion of the RTLF vitamin C pool was present as its oxidised product, dehydroascorbate. In the alveolar samples the proportion of dehydroascorbate was 13.7 and 18.1% of the total vitamin C pool in the healthy subjects and patients with asthma, respectively; with a similar proportion of GSSG making up the GSx pool: 13.3 and 10.9%. Though the concentrations of dehydroascorbate and GSSG were somewhat elevated, the measured concentrations were not implausible in a compartment lacking the intracellular mechanisms for regenerating ascorbate and glutathione. The proportion of dehydroascorbate to the vitamin C pool within the bronchial lavages was, however, extremely high in both groups: 77.8% (healthy) and 78.4% (asthmatics). This is a challenging observation, as the conditions likely to promote the formation of dehydroascorbate would also likely result in its further oxidation and, therefore, with current knowledge, we believe this result needs to be viewed with caution, especially as GSSG concentrations in the BW samples were not similarly increased. As the samples used for vitamin C analysis were pretreated with the metal chelator DES and synthetic antioxidant BHT to prevent erroneous sample oxidation during storage, these high concentrations are unlikely to be wholly attributable to erroneous oxidation during storage or sample processing. One explanation for the elevated concentrations of dehydroascorbate in human RTLFs is that ascorbate moving onto the surface of the lung is subject to oxidation, partly explaining the absence of a clear association between plasma and RTLF pools previously reported, 3 33 the higher concentrations in the bronchial RTLFs reflecting a more oxidative environment. Previous supplementation studies have shown a rapid flux of ascorbate into the airways, 12 13 which is subsequently lost over a 24 h period. 13 Schock et al 12 demonstrated that ascorbate in induced sputum is rapidly oxidised in an azide-inhibitable manner, suggesting that endogenous peroxidases contribute to the oxidative losses observed. The RTLF has also been shown to contain appreciable concentrations of non-transferrinbound iron, 34 consistent with a pro-oxidant environment. The problem with this contention is that if such losses were occurring across the large surface area of the lung, this would constitute a major drain on bodily vitamin C reserves. In the absence of a putative dehydroascorbate reductase within the RTLF, it would therefore be necessary to have mechanisms to rapidly transport ascorbate and dehydroascorbate into the pulmonary epithelium, to maintain antioxidant defences at the air-lung interface.
To detect and localise vitamin C transporters in the bronchial mucosa and in airway leucocytes obtained from BAL-fluid, commercially available antibodies were used. There is a lack of in vivo human studies on these transporters especially in regard to the lung. Most studies looking at tissue localisation have been conducted in animals that can synthesise vitamin C themselves. Much of the data accumulated on expression in particular cells have also been conducted using in vitro experiments, however, expression of the SVCTs has been shown to change depending on culture conditions and therefore is a factor to consider. In one paper addressing the distribution of SVCT1 and 2 transporters in rat liver, they found colocalisation of SVCT1 and 2 with endothelial cells. Of note, in that paper they used the same antibodies as in the present study. 35 Dehydroascorbate uptake into cells occurs by facilitated diffusion through glucose transporters, predominately GLUT1 and GLUT3, 19 but with evidence that GLUT2 21 and 4 20 can also mediate uptake. Knowledge concerning the epithelial expression of GLUTs in the lung, excluding lung carcinomas, is scarce, with conflicting evidence obtained from tissue biopsies and primary and immortalised human epithelial cells. [23] [24] [25] [26] Once internalised, dehydroascorbate is rapidly reduced to ascorbate by NADPH-dependent dehydroascorbate reductases. 2 14 It has been argued that dehydroascorbate uptake via facilitated glucose transporters is unlikely to play a major role under physiological conditions, as high cellular and extracellular glucose concentrations will block dehydroascorbate influx. Hence dehydroascorbate uptake has been argued only to occur during episodes of oxidative stress, where high local concentrations of dehydroascorbate exist near cells producing reactive oxygen species (ROS). This has been demonstrated in neutrophils undergoing oxidative burst, 14 and in cells near the site of ROS production. While dehydroascorbate uptake by cells is typically antagonised by glucose, the RTLF has a low glucose concentration compared with other body compartments. 23 This raises the possibility that dehydroascorbate formed in this compartment may be taken up by airway cells. In the current study we found cell immunoreactivity for GLUT2 expressed at the apical and also basolateral aspects of the columnar epithelial cells. A recent paper has demonstrated that GLUT2 plays an important role in dehydroascorbate uptake from the gut lumen, 21 and it is possible that it performs a similar function in the lung. SVCT1 and 2 have been shown to act as intracellular transporters of ascorbate, 18 27 SVCT1 being associated predominately with epithelial cells, 27 and SVCT2 with a wider range of metabolically active cells. 27 Although previous studies have demonstrated mRNA for both SVCT1 and 2 within human bronchiolar epithelium, 27 no information is available on cellular distribution or protein expression. An examination of SVCT1 and 2 expression in the rat has shown immunoreactivity at the apical epithelium of the trachea, bronchi and alveoli. 28 In vitamin C synthesisers, SVCT-2 has been shown to be essential, with knock-out mice dying, shortly after birth, of respiratory failure. 36 Over expression of SVCT2 has also been shown to confer protection against paraquat-induced oxidative stress in transgenic mice expressing additional copies of the gene, associated with elevated pulmonary tissue ascorbate concentrations. 37 These observations highlight the importance of vitamin C salvage mechanisms in the lung, which are likely even more significant in non-synthesising species such as man. Here we report for the first time evidence of pronounced SVCT2 protein expression within goblet cells of the bronchial epithelium. In addition, vitamin C concentrations were inversely correlated with the number of SVCT2-positive goblet cells, indicating a possible role for these cells in vitamin C homeostasis. These data are consistent with the ascorbate pool within the proximal airway being largely determined by its uptake into goblet cells. However, whether ascorbate can be released onto the airway surface from these cells under conditions of oxidative stress remains an area for future research. While vitamin C uptake mechanisms are well defined, less is known concerning potential efflux from cells. 38 Transport through volume sensitive anion channels has been shown, 39 as has the release of ascorbate-containing vesicles, 40 and ascorbate-ascorbate homoexchange; 41 though, to date, the information on these transport mechanisms remains limited. In light of these results, there is now a motivation to address this issue in goblet cells, especially as exposure to airway irritants such as diesel exhaust 42 and ozone 6 has been shown to elicit acute increases in ascorbate and vitamin C concentrations in upper airway secretions of human subjects. To date, these increases have tended to be related to alterations in the permeability of the bloodair barrier, but this has not been conclusively established. As goblet cells are often increased in asthmatic airways, one might therefore expect differences in cellular uptake to impact on RTLF ascorbate concentrations compared with the healthy population, that is, lower extracellular vitamin C concentrations due to increased uptake by goblet cells. This was not shown in the present study, with equivalent number of goblet cells in the two groups, possibly reflecting the relatively mild clinical status of the patients with asthma.
In the present study immunohistochemical characterisation of vitamin C transport expression was limited to the bronchial airways, and therefore the question of the regulation of the extracellular ascorbate pool in the alveolar region remains unresolved. We did attempt to gain some insight into vitamin C transport in the distal lung using FACS-based analysis of SVCT and GLUT transporters in the resident leucocyte population, recovered by bronchoalveolar lavage. Focusing on macrophages, neutrophils and lymphocytes, we observed no differences in SVCT1 and 2 expressions between the healthy subjects and patients with asthma. There was evidence of reduced GLUT3 expression in CD3+lympho-cytes in asthmatics, but overall there was no clear relationship between the measured vitamin C concentrations and the SVCT and GLUT expression observed in BAL cells.
In conclusion, we have shown that the human bronchial epithelium has two potential salvage mechanisms, SVCT2 and GLUT2, allowing cellular uptake of ascorbate moving into the RTLF from the plasma pools, hence preventing its irreversible oxidation to 2,3-doketogulonic acid and loss of its antioxidant function. Further studies are warranted to explore vitamin C transporters in the alveolar region of the lung.
